The genetic diversity of siderophore-producing bacteria of tobacco rhizosphere was studied by amplified ribosomal DNA restriction analysis (ARDRA), 16S rRNA sequence homology and phylogenetics analysis methods. Studies demonstrated that 85% of the total 354 isolates produced siderophores in iron limited liquid medium. A total of 28 ARDRA patterns were identified among the 299 siderophore-producing bacterial isolates. The 28 ARDRA patterns represented bacteria of 14 different genera belonging to six bacterial divisions, namely β-, γ-, α-Proteobacteria, Sphingobacteria, Bacilli, and Actinobacteria. Especially, γ-Proteobacteria consisting of Pseudomonas, Enterobacter, Serratia, Pantoea, Erwinia and Stenotrophomonas genus encountered 18 different ARDRA groups. Results also showed a greater siderophore-producing bacterial diversity than previous researches. For example, Sphingobacterium (isolates G-2-21-1 and G-2-27-2), Pseudomonas poae (isolate G-2-1-1), Enterobacter endosymbiont (isolates G-2-10-2 and N-5-10), Delftia acidovorans (isolate G-1-15), and Achromobacter xylosoxidans (isolates N-46-11HH and N-5-20) were reported to be able to produce siderophores under low-iron conditions for the first time. Gram-negative isolates were more frequently encountered, with more than 95% total frequency. For Gram-positive bacteria, the Bacillus and Rhodococcus were the only two genera, with 1.7% total frequency. Furthermore, the Pseudomonas and Enterobacter were dominant in this environment, with 44.5% and 24.7% total frequency, respectively. It was also found that 75 percent of the isolates that had the high percentages of siderophore units (% between 40 and 60) belonged to Pseudomonas. Pseudomonas sp. G-229-21 screened out in this study may have potential to apply to low-iron soil to prevent plant soil-borne fungal pathogen diseases.
INTRODUCTION
Tobacco is an important economic crop in China. However, soil-borne bacterial and fungal pathogen diseases cause severe losses annually because of succession planting. So effective plant growth-promoting rhizobacteria (PGPR) including siderophore-producing bacteria were used to prevent infectious diseases of plant roots (6, 14) .
Siderophores are low molecular weight (generally<10, 000Da), iron-coordinating, organic compounds produced by most aerobic and facultative anaerobic microorganisms to combat low-iron stress (11) . Data showed that the excretion of siderophores by rhizosphere bacteria may stimulate plant growth by improving Fe nutrition of the plants (13) or by inhibiting the establishment of plant pathogens or other harmful microorganisms (8, 19) .
Production of siderophore and antifungal activity were simultaneously exhibited by free-living rhizospheric isolates of Azotobacter (16.22%), fluorescent Pseudomonas (11.11%) and Bacillus (10%) (1) . The siderophore-producing Pseudomonas SF4c can increase the shoot and dry biomass of wheat by 23% and 45% under greenhouse conditions, respectively (5) .
The pioneer works on tobacco rhizosphere microorganisms were concentrated on the isolation and identification of various rhizosphere microbes mainly using traditional physiological and biochemical methods (10, 18) . Recently, amplified ribosomal DNA restriction analysis (ARDRA) technique has been successfully used for bacterial diversity analysis in a great variety of environments, including soil and tobacco rhizosphere (4) .
The aim of this work was to analyze the diversity of cultivable siderophore-producing bacteria of tobacco rhizosphere by ARDRA analysis and rDNA sequencing. Better knowledge of cultivable siderophore-producing bacteria composition in tobacco rhizosphere will undoubtedly contribute to screening for PGPR to prevention of tobacco soil-borne fungal pathogen diseases.
MATERIALS AND METHODS

Rhizosphere soil
Samples from tobacco plants were collected from two different locations (designated as locations 1 and 2) that were less than 0.1 km apart of Science Park of Zunyi Region (27º252 N, 106º332 E) in August 2006. Zunyi Region (Guizhou Province) is an important tobacco production base of the People's Republic of China, but soil-borne bacterial and fungal pathogen diseases cause severe losses annually in this base. The tobacco plants (NC-82) were grown in yellow soil (pH value is 6.36).
Bacterial isolation
Ten grams of each sample was dissolved in 90 ml of aseptic water. After appropriate dilutions, samples were spreaded to beef extract peptone agar medium (beef extract 0.3%, peptone 1%, NaCl 0.5%, agar 2%, w/v, pH 7.4~7.6 ). Plates were incubated at 30ºC for 2 to 3 days. Bacterial isolates were obtained from agar plates presenting between 30 and 150 colonies. Stock cultures were prepared in aseptic water supplemented with glycerol and kept frozen at -80ºC prior to use.
Screening of siderophore-producing bacterial isolates
Modified CAS-liquid medium (MM9, Tris buffer, casamino acids 0.3%, sucrose 0.2%, thiamine·HCl 0.0002%, and succinate 0.2%, w/v) (2) was used to screen siderophore-producing bacteria. The detection experiment was repeated three times. Siderophore production of the isolates were detected by CASliquid medium and CAS agar plates with a little modified (200 ml of blue agar with 20 ml resultant dark blue liquid, 150 ml double distilled-deionized water, 20 ml 10× MM9 salts, 3 g agar, 2.4 g of a 50% (w/w) NaOH solution, 6 ml casamino acids (10%, w/v), 2 ml glucose (10%, w/v), 0.2 ml thiamine·HCl (0.2%, w/v), and 0.6 ml L-tryptophan (1%, w/v)) (20) , respectively. The siderophore production was evaluated as siderophore units (%) in liquid medium (12) . Double distilled-deionized water was used to prepare all media and reagents. Glasswares were soaked for three days in 6 M HCl and rinsed with distilled-deionized water several times to remove traces of iron.
Total DNA extraction and PCR amplification
The DNA of bacterial isolates was prepared according to the procedures of Murray and Thompson (15) with the exception that for Gram-positive bacteria, no Lysozyme was used. The amplified 16S rRNA gene was obtained from each isolate by PCR with the universal primer P1 (5'-AGAGTTTGATCCT GGTCAGAACGCT-3') and P6 (5'-TACGGCTACCTTG TTACGACTTCACCCC-3'), which were targeted to universally conserved regions and permitted the amplification of an approximate 1, 500-bp fragment. PCR was carried out in a Biometra TGRADIENT thermocycler (Whatman Biometra, Göttingen, Germany). 50 µl reaction volume contained about 25 ng of DNA extract, 2.5 U of Taq TM DNA polymerase (TaKaRa Biotechnology (Dalian) Co., Ltd.), 1× buffer (10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl 2 , 500 mM KCl), 0.2 mM deoxynucleoside triphosphate (each), and 0.4 µM of each primer. Initial DNA denaturation and enzyme activation steps were performed at 95ºC for 5 min, followed by 35 cycles of denaturation at 94ºC for 1 min, annealing at 56ºC for 30 s and extension at 72ºC for 1.5 min, and a final extension at 72ºC for 10 min. The presence and yield of specific PCR product (16S rRNA gene) was monitored by 1% agarose (w/v) gel electrophoresis at 80 V for 1 h in 1× Tris-Boric Acid-EDTA (TBE) buffer and made visible by ethidium bromide staining and UV transillumination. The images of the agarose gels were documented using a UVP GelDoc-It Imaging System (UVP Inc. USA) under an ultraviolet lamp.
ARDRA and rarefaction analysis of siderophore-producing bacterial isolates PCR products were purified using the 3S Spin PCR Product Purification Kit (Shenergy Biocolor Bioscience and Technology Company, P. R. China) following the manufacturer's instructions. Purified PCR products were digested with the four chosen enzymes Alu I, Hae III, Hinf I, and Msp I (TaKaRa Biotechnology (Dalian) Co., Ltd.) in separated reactions. The selection of the four restriction enzymes was based on the studies of Laguerre et al. (9) . The digestions were performed for 4 h at 37ºC in 10 µl reaction volume containing 5 µl of purified PCR products, 1 µl of the commercially supplied incubation 10× buffers, 3.5 µl of water, and 0.5 µl (10 U/µl) of the restriction enzyme. Reaction products (10 µl) were run on a 3% (w/v) agarose gel in 1× TBE buffer for 4 h at 100 V under refrigeration. Agarose gels were stained, visualized and digitalized as described above. The visible bands greater than 100 bp were used to construct the dendrogram. For each restriction enzyme's band, a binary data matrix was constructed on the basis of the presence or absence of each band (coded as 1 or 0, respectively). The band patterns obtained with each enzyme were combined to obtain a single pattern for each isolate. The patterns were used to construct a dendrogram by using the unweighted pair group method using arithmetic averages (UPGMA), clustering algorithm using the Sorensen's Coefficient along with the fine optimization option with MultiVariate Statistical Package (MVSP) version 3.13h (GeoMem, Blairgowrice, United Kingdom). Diversity of siderophore-producing bacterial isolates was further investigated by rarefaction analysis. Rarefaction curves were produced by using the analytical approximation algorithm of Hurlbert (7). Calculations were performed on a personal computer with the freeware program aRarefactWin (http:// www.uga.edu/strata/software/).
16S rRNA gene sequencing and sequence analysis
Purified PCR products obtained from isolates of each ARDRA group were sequenced. The Nucleotide-nucleotide BLAST (blastn) of the National Center for Biotechnology Information database, accessible on the internet (http://www.ncbi.nlm.nih.gov/ BLAST/) was used to find nearly identical sequences for the 16S rRNA gene sequences determined. The higher similarity sequences and the 16S rRNA gene sequences of type strains were retrieved from the Ribosomal Database Project a! (http:// rdp.cme.msu.edu/). Sequences were aligned using the CLUSTAL X software version 1.8 (ftp://ftp-igbmc.u-strasbg.fr/pub/ ClustalX/). The evolutionary distances were calculated using the software package TREECON version 1.3b (http://biocwww.uia.ac.be/u/yvdp/treeconw.html). The construction of neighbor-joining tree and bootstrap analysis of 1000 resamplings were performed using software package TREECON too.
RESULTS
Bacterial isolation
Bacteria were isolated from tobacco rhizosphere soil at densities ranging from 6.73 to 7.86 log CFU/g (dry weight). A total of 354 isolates were obtained from the soil samples of tobacco rhizosphere (166 isolates from location 1, 188 isolates from location 2).
Screening of siderophore-producing bacterial isolates
Two hundred and ninty nine isolates (143 isolates from location 1, 156 isolates from location 2) produced siderophores in iron limited liquid medium. Ninety-nine percent of the isolates produced big or small size of orange halos on CAS agar plates, except for the isolates PC-1012, PC-1011, P-6-3h, and G-2-17-1 which couldn't grow on CAS agar plates (Fig. 1) . The siderophores production was evaluated as siderophore units (%). Result showed that more than 75% total frequency of the siderophore-producing strains had the siderophore units (%) between 20 and 40. All of the other strains had the siderophore units (%) between 40 and 60 with less than 25% total frequency.
ARDRA analysis of siderophore-producing bacterial isolates
Total 299 siderophore-producing isolates were subjected to ARDRA analysis by digestion of the amplified 16S rRNA gene with the four restriction enzymes. Similar banding patterns obtained after combination of the four independent digestions (Fig. 2) were grouped to finally obtain a total of 28 groups (location 1 and location 2 contained 28 groups, respectively) ( Table 2 ). As shown in Fig. 2 , each group presented a specific banding pattern, and groups of different species were clearly differentiated, with a similarity lower than 95%.
Rarefaction analysis of the siderophore-producing bacterial isolates
Rarefaction analysis was used to estimate how percent of the biodiversity was sampled (Fig. 3) . Results showed that by screening of 140 siderophore-producing bacterial isolates, the rarefaction curves reached saturation for both samples of the two locations and the variation between the two samples was minimal, that is to say, the repetition rate was well between the two samples ( Table 2) .
For the fact that there had no isolate in the two locations was unique, the rarefaction analysis suggests that 299 bacterial isolates is sufficient to circumscribe the siderophore-producing bacterial diversity of tobacco rhizosphere.
Sequencing and phylogeny of 16S rRNA gene of siderophoreproducing isolates
Representative isolates of each group were selected for partial 16S rRNA gene sequencing so as to retrieve sequence similarity and bacterial identity from NCBI (Table 1) . After partial sequencing of the 16S rRNA gene of ARDRA group representatives, closest identities of isolates were retrieved from NCBI. Results showed a strong similarity with NCBI sequences, like those of group 10, 17, 26, and 28, were strongly related to Figure 1 . Screening of siderophore-producing bacterial isolates using CAS agar plates. The arrows indicated the isolates PC-1012 (the left one), and G-2-17-1 (the right one) which couldn't grow on CAS agar plates. The circles in the center of the orange halos were filter papers soaked up with bacterial supernatant. (Table 2) revealed that groups 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, and 16 had the most numerous isolates and that these groups belonged to Gram-negative bacteria corresponding to the Pseudomonas and Enterobacter genera with 44.5% and 24.7% total frequency, respectively. That is to say, the siderophoreproducing Pseudomonas isolated from tobacco rhizosphere soil ranged from 6.38 to 6.51 log CFU/g (dry weight). For Grampositive bacteria, group 25 and 28 were the only two groups corresponding to the Bacillus and Rhodococcus genera, with 1.7% total frequency, respectively.
DISCUSSION
The diversity of cultivable siderophore-producing bacteria of tobacco rhizosphere was characterized in this study. Results have demonstrated that 85% of the total 354 isolates produced siderophores in iron limited liquid medium and a total of 28 ARDRA patterns were identified among the 299 siderophoreproducing bacterial isolates. The 28 ARDRA patterns represented bacteria of 14 different genera belonging to six bacterial divisions, namely β-, γ-, α-Proteobacteria, Sphingobacteria, Bacilli, and Actinobacteria. Especially, γ-Proteobacteria which was consisted of Pseudomonas, Enterobacter, Serratia, Pantoea, Erwinia and Stenotrophomonas genus encountered 18 different ARDRA groups. Gram-negative isolates were more frequently NCBI sequences, with 100% similarity (Table 1) . Relatedness between isolate and type strain sequences was demonstrated in Fig. 4 and Fig. 5 . Isolates were therefore clustered in six different classes: β-, γ-, α-Proteobacteria, Sphingobacteria, Bacilli, and Actinobacteria. γ-Proteobacteria which consisted of Pseudomonas, Enterobacter, Serratia, Pantoea, Erwinia and Stenotrophomonas genus encountered 18 different ARDRA groups. Table 1 demonstrated a wide variety of siderophoreproducing bacteria, with 14 different genera encountered. Gramnegative isolates were more frequently encountered, with 289 isolates, compared to 10 Gram-positive isolates. Distribution of siderophore-producing isolates according to ARDRA groups Figure 4 . A neighbor-joining phylogenetic tree based on 16S rRNA gene sequences of siderophore-producing representative strains. The tree contains the closest type strain for each isolate which belong to I, II, III, IV, V, and VI class, respectively. Bootstrap analyses were made with 1000 cycles. Only bootstrap values of > 50% are shown at the branch points. The scale bar represents 0.1 substitutions per nucleotide. I, II, III, IV, V, and VI indicated β-Proteobacreria, γ-Proteobacteria (Xanthomonadacea), Spingobacteria, α-Proteobacteria, Bacilli, and Actinobacteria class, respectively. encountered, with more than 95% total frequency. Furthermore, the Pseudomonas and Enterobacter were dominant in this environment, with 44.5% and 24.7% total frequency, respectively. For Gram-positive bacteria, the Bacillus and Rhodococcus were the only two genera, with 1.7% total frequency, respectively. Seventy five percent of the isolates that had the siderophore units (%) between 40 and 60 belonged to Pseudomonas genus. This observation was also made by Alexander (2) who had found that most of the siderophoreproducing isolates coming from the roots of two grass species belonged to the genus Pseudomonas. The presence of the genus Pseudomonas was expected due to its importance in plant rhizosphere ecosystems, in relation notably with its siderophoremediated suppression and inducing local systemic host resistance activities (16, 17) .
Distribution of siderophore-producing isolates
It was excited to find that Sphingobacterium sp. G-2-21-1 and G-2-27-2 had the siderophore units (%) between 40 and 60; in our knowledge, it was the first time to report that genus Sphingobacterium can produce siderophores under low-iron conditions. We also reported that P. poae (isolate G-2-1-1), Enterobacter endosymbiont (isolates G-2-10-2 and N-5-10), Delftia acidovorans (isolate G-1-15), and A. xylosoxidans (isolates N-46-11HH and N-5-20) can produce siderophores under low-iron conditions for the first time. These eight bacterial isolates are potential to be examined for their capability in enhancing plant growth. Furthermore, we also reported that Pseudomonas sp. G-229-21 could produce high-affinity carboxylate type siderophores under low iron conditions and its siderophores were capable of antagonising against Phytophthora parasitica var. nicotianae (Breda de Hann) Tucker strongly under low iron conditions (21) .
In addition, the predominant presence of Gram-negative siderophore-producing bacteria isolated from tobacco rhizosphere may be due in part to the use of CAS agar plates. Because Gram-positive bacteria were especially sensitive to the HDTMA used in the CAS agar plates (20) .
Although the samples were all collected from acerbic tobacco rhizosphere, we had detected a large number of siderophoreproducing bacteria under low-iron conditions. It indicated that the producing of siderophores was induced by low iron stress.
At the same time, 36.4% of the total tobacco in China are planted in neutral and alkaline low-iron soil (3), so the siderophoreproducing bacteria screened out in this study have great potential to apply to low-iron soil to prevent plant soil-borne fungal pathogen diseases(concerned greenhouse experimentations are in progress). 
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RESUMO
Diversidade genética de bactérias de rizosfera de tabaco produtoras de sideróforos A diversidade genética de bactérias de rizosfera de tabaco produtoras de sideróforos foi estudada por meio da técnica de análise de restrição do DNA ribossomal amplificado (ARDRA), homologia de seqüência de 16s rRNA e métodos de análise filogenética. Observou-se que 85% do total de 354 isolados produziram sideróforos em meio liquido com restrição de ferro. Entre os 299 isolados produtores de sideróforos identificou-se 28 padrões ARDRA, que representaram 14 gêneros bacterianos diferentes, pertencentes a seis divisões bacterianas: β-, γ-, α-Proteobacteria, Sphingobacteria, Bacilli e Actinobacteria. γ-Proteobacteria, consistindo de Pseudomonas, Enterobacter, Serratia, Pantoea, Erwinia e Stenotrophomonas, pertenceram a 18 grupos ARDRA. Os resultados também mostraram uma diversidade maior de bactérias produtoras de sideróforos do que a relatada em outros estudos. Por exemplo, Sphingobacterium (isolados G-2-21-1 e G-2-27-2), Pseudomonas poae (isolado G-2-1-1), Enterobacter endosymbiont (isolados G-2-10-2 e N-5-10), Delftia acidovorans (isolado G-1-15) e Achromobacter xylosoxidans (isolados N-46-1HH e N-5-20), capazes de produzir sideróforos em condições de baixa disponibilidade de ferro, foram relatados pela primeira vez. Isolados Gram negativos foram encontrados com maior freqüência, correspondendo a mais de 95% da freqüência total. Entre as bactérias Gram positivas, foram encontrados apenas os gêneros Bacillus e Rhodococcus, com 1,7% da freqüência total. Além disso, neste ambiente houve predominância de Pseudomonas e Enterobacter, com 44,5% e 24,7% da freqüência total, respectivamente. Verificou-se também que 75% dos isolados com alta porcentagem de unidades de sideróforos (% entre 40 e 60) pertenceram a Pseudomonas. Pseudomonas sp. G-229-21, selecionado neste estudo, apresenta potencial de aplicação em solos com baixo teor de ferro para prevenção de doenças fúngicas em plantas.
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